Transcriptional regulation by small RNA molecules, including small interfering RNA and microRNA, has emerged as an important gene expression modulator. The regulatory pathways controlling gene expression, post-transcriptional gene silencing and transcriptional gene silencing (TGS) have been demonstrated in yeast, plants and more recently in human cells. In this review, we discuss the currents models of transcriptional regulation and the main components of the RNA-induced silencing complex and RNA-induced transcriptional silencing complex machinery, as well as confounding off-target effects and gene activation. We also discuss RNA-mediated TGS within the NF-kB motif of the human immunodeficiency virus type 1 59 long tandem repeat promoter region and the associated epigenetic modifications. Finally, we outline the current RNA interference (RNAi) delivery methods and describe the current status of human trials investigating potential RNAi therapeutics for several human diseases.
Introduction
Small RNA duplexes play a pivotal role in transcriptional regulation via one of two pathways, post-transcriptional gene silencing (PTGS) or transcriptional gene silencing (TGS). Small interfering RNAs (siRNAs), which are capable of inducing gene regulation via both pathways, have heralded a new age of gene manipulation and potential therapeutics against a range of diseases. These siRNAs were first shown to work in a PTGS manner, but more recently, siRNAs have been shown to induce transcriptional regulation via the TGS pathway (1, 2) . Endogenous small RNA molecules, called microRNAs (miRNAs), have also recently been shown to play a critical role in protein translation within the cell (3) . Recent evidence in lower organisms also point to a role of miRNAs in transcriptional regulation (4) . We know now that miRNAs play a vital role in modulating the translation of mRNAs into protein and it is estimated that they control up to 50% of mRNA transcripts within the cell at any one point (5) . This has also changed our understanding of the function of non-protein coding DNA (6) . The purpose of this review is to look at our current state of understanding of transcriptional regulation by small RNA duplexes at the transcriptional and post-transcriptional level and to understand their role in future therapeutics.
PTGS mediated by small RNAs
The PTGS pathway, occurring mainly in the cytoplasm, involves recruitment of RNA duplex and Argonaute protein/s to form the RNA-induced silencing complex (RISC) and degrade mRNA via specific homologous target sequence cleavage (as illustrated in Figure 1 ). The process of PTGS was first described in plants when two groups reported overexpression of transgenes involved in flower pigmentation resulted in an unexpected phenotype -lighter coloured flowers (7, 8) . This was because the introduced transgenes (which were used to increase pigmentation) were targeting sense transcripts and resulted in a 50-fold reduction in both the endogenous gene and transgene expression. This process was dubbed 'cosuppression'. In 1993, Lee and colleagues described the first miRNA, lin-4, in Caenorhabditis elegans (9) . It was found that lin-4 produced two transcripts -the smaller transcript targeted the 39 untranslated region (39UTR) of lin-14 mRNA. They postulated that the lin-4 transcript was a negative regulator of lin-14 translation. In 1998, Fire and colleagues reported gene specific knockdown following introduction of double-stranded RNA into C. elegans (10) . This phenomenon of gene knockdown by sequence specific RNA was later termed RNA interference (RNAi). Here, we describe the process of PTGS using endogenous miRNAs, but the same process occurs with siRNA-mediated PTGS.
PTGS induced by small RNAs
Most miRNAs are transcribed from non-coding regions of the DNA or alternatively from intronic DNA (approximately 25% of miRNAs) (11) . Genes encoding miRNAs are found in all chromosomes and many are clusters of 2-7 genes (12) . Numerous miRNAs are expressed in concert with protein coding genes, indicating a common transcriptional control mechanism (13) . However, there are miRNA genes that are independently transcribed from their own unique promoter sequences (14) . The biogenesis and processing of miRNA is outlined in Figure 2 . The RNA polymerase II enzyme pro- Processing of miRNA starts with pri-miRNA being transcribed by RNA polymerase II and forming a hairpin. The double-stranded RNA-specific ribonuclease Drosha, along with DGCR8, digests the pri-miRNA to generate pre-miRNA, which is exported from the nucleus to the cytoplasm via Exportin 5 (Exp 5) and Ran. Dicer cleavage and processing of the pre-miRNA, or siRNA, then occurs in the cytoplasm, producing a mature miRNA duplex or siRNA, which can act to control translation of target mRNAs via association with the RISC. (TRBP: Tar RNA binding protein, DGCR8: DiGeorge syndrome critical region 8).
duces an initial transcript containing a 59 cap and 39 poly(A) tail, called a primary miRNA transcript (pri-miRNA) (15, 16) . The pri-miRNA is processed by a microprocessor complex of Drosha and DGCR8 (DiGeorge syndrome critical region 8), which is responsible for cleaving the primary transcript to a stem-loop structure within the nucleus (17, 18) . The pri-miRNA transcript is processed into a ;70 nucleotide long precursor miRNA (pre-miRNA), containing a stemloop structure, a 59 phosphate and a 39 two nucleotide overhang. DGCR8 plays a role in accurate Drosha processing by determining the Drosha cleavage site (19) , which typically occurs 11 nucleotides from the base of the stem structure. The pre-miRNA molecule is then transported to the cytoplasm by Exportin V and Ran-GTP (20) . Some intronderived pri-miRNAs do not contain the 11-bp segment that is required for Drosha/DGCR8 processing. The first step in processing these 'mirtrons' is mediated by the spliceosome, instead of Drosha/DGCR8 (21, 22) . After spliceosome processing, mirtrons are released as Lariat structures. These lariat mirtrons are linearised, folded into hairpin structures resembling pre-miRNAs, and then exported into the cytoplasm by Exportin 5/Ran-GTP (23) .
In the cytoplasm, Dicer, another RNase III endonuclease, processes pre-miRNAs, or introduced siRNAs, into ;22 nucleotide long mature miRNA or siRNA duplexes (24) , containing a guide strand (antisense) and a passenger or sense strand. Dicer is a highly conserved cytoplasmic enzyme, containing a helicase domain, a PAZ (Piwi-Argonaute-Zwille) domain, a double-stranded RNA binding domain and two RNase III domains. It associates with TRBP (Tar RNA binding protein) (25, 26) and PACT (protein activator of the interferon-induced protein kinase) (27) , which aid in the maturation of miRNAs. Dicer cleavage of premiRNAs leads to a two nucleotide overhang in the 39 end of both strands, and following this the guide strand is incorporated into the RISC, whereas the passenger strand is degraded.
The RISC is formed by several proteins, including Dicer, Argonaute protein/s (typically Ago2), TRBP (28) , and KSRP (KH-type splicing regulatory protein) (29) . It has been recently been demonstrated that KSRP, a component of both Drosha and Dicer, binds to the terminal loop of miRNA precursors and promotes their maturation. There are four different Ago proteins in mammalian cells and all of these can bind to endogenous miRNAs; however, only Ago2 possesses endonuclease activity (30) . The key region of the guide strand is the seed region, which comprises nucleotides 2-8 from the 59 end of the miRNA. Binding of this eight nucleotide seed to complementary nucleotides found in 39UTR mRNA transcripts leads to RISC effector function (5) . When perfect complementarity exists between siRNA and mRNA (i.e., a 22 nucleotide match), degradation occurs within the Ago2 catalytic region of RISC, whereas matches between the miRNA seed region and complementary mRNA sequences can lead to either mRNA degradation or translational repression. Prior to translation, mRNA exists in a circular form. The 59 cap which binds eukaryotic initiation factors (eIFs) and the poly (A) tail which binds PABP wpoly(A) binding proteinx act in concert to stimulate cap-dependent initiation of translation. Following binding of the seed sequence to matching 39UTR mRNA sequences, the Ago protein of RISC disrupts the PABP/eIF complex, thus disrupting initiation of translation (31, 32) . There is also some evidence to suggest that deadenylation at the 39 end of the mRNA by RISC also disrupts translation (33) .
Cytoplasmic P-bodies (processing bodies) were initially thought to be the location of mRNA degradation (34) occurring after interaction with RISC. P-bodies contain various enzymes involved in mRNA degradation and RNAi-mediated gene silencing and the silencing complex contains at least an Argonaute protein and GW182 (35) . However, it is not clear whether P-bodies are the site of RNAi silencing or the consequence of RNAi-medicated silencing (36, 37) . It could also be possible that mRNA found in P-bodies can leave this compartment and undergo translation through the ribosome.
TGS induced by small RNAs
RNA duplexes also have the potential to act via the alternate TGS pathway, which takes place in the nucleus of the cell and involves the RNA-induced transcriptional silencing (RITS) complex, resulting in inhibition of transcription via chromatin modification (as shown in Figure 1 ). This process is distinct from PTGS, which can also occur in the nucleus (38) ; however, unlike PTGS, TGS does not involve mRNA cleavage. The first study coining the term TGS was based on experiments in tobacco plants, whereby small RNA duplexes were reported to induce DNA methylation within regions of the plant genome that was complementary to the small RNA sequence (39) . The TGS field then slowly developed with further observations reported in another plant species (Arabidopsis) (40, 41) and fission yeast (Schizosaccharomyces pombe) (42) , although the mechanism of transcriptional regulation in S. pombe was discovered to involve histone methylation and heterochromatin formation mediated by the Argonaute 1 protein in association with the RITS complex. The process appears to be critical for the regulation of centromeric chromatin in these organisms. Reports of TGS occurring in flies (Drosophila) and nematode worms (Caenorhabditis elegans) hinted towards the possibility of TGS in higher eukaryotes and indeed several groups, as well as our own, have more recently published observations of TGS in human cells (2, (43) (44) (45) (46) (47) (48) (49) (50) .
Several groups have suggested that siRNAs (and even endogenous miRNAs) can act in a functional way to direct epigenetic changes to coding regions of the genome (51). siRNAs appear to be able to recruit chromatin remodelling complexes to the transcribed loci that they contain homology to (44, 52) . Evidence is accruing to suggest that singlestranded RNAs play an important role in controlling chromatin structures.
TGS-induced epigenetic changes caused by small RNAs targeting promoters
Epigenetics refers to heritable traits that are not carried in the DNA sequence. TGS occurring by siRNAs targeting the promoters of genes is thought to occur through epigenetic mechanisms. These epigenetic mechanisms encompass two major modifications, DNA methylation or post-translational histone modifications, which generate silent heterochromatin, also known as chromatin compaction (53) . DNA methylation occurs almost exclusively in the context of CpG dinucleotides, with the 'p' referring to 39 to 59 phosphodiester bond between adjacent nucleotides. There are several active DNA cytosine methyltransferases (DNMT1, 3a and 3b) that add methyl groups to the 59 position of cytosines, altering the appearance of the major groove of DNA to which the DNA binding proteins bind. Methylation of promoters, which are often CpG rich regions, is used to prevent transcriptional initiation and silencing of genes, such as X-linked inactivation.
There are over 60 different residues on histones where modifications have been detected, although these modifications are not uniformly distributed. Histone modifications are dynamic and occur rapidly, with a striking feature being the large number and type of histone modifications, particularly in the histone tail region (54) . Modifications that can occur include acetylation, methylation, phosphorylation, ubiquitylation, sumoylation, ADP ribosylation, deimination and proline isomerisation (54) . Acetylation of lysine residues generally correlates with chromatin accessibility and transcriptional activity, whereas reduced levels of acetylation are associated with silent heterochromatin. Methylation of lysine residues can have variable effects, depending on which lysine residue is methylated. Methylation of histone H3 lysine 4 (H3K4) and H3K36 is associated with transcribed chromatin, whereas methylation of H3K9, H3K27 and H4K20 generally correlates with translational repression, as shown in Figure 3 , which depicts a model of siRNA targeting a promoter region to induce changes in epigenetic markers.
Histone methylation acts as a molecular 'anchor' which recruits proteins to either directly or indirectly modify chromatin. Current models for siRNA-mediated heterochromatin formation in fission yeast involve siRNAs guiding the Ago1 containing RITS effector complex to regions of sequence homology, often in the centromere, where the RITS complex (containing Ago1, Tas3 and Chp1) associates with the chro- matin through the chromodomain protein, Chp1. Transcript bound RITS then recruits RNA-directed RNA polymerase complex (RDRC) (comprising Rdp1, Cid12 and Hrr1) and Dicer, generating more siRNA transcripts, which through mechanisms unknown, recruit the histone methyltransferase Clr4, in association with the CLCR (Clr4-Rik1-Cul4) multisubunit complex, to initiate H3K9 methylation and create a binding site for HP1 proteins, Swi6 and Chp1. Recently, the LIM domain protein Stc1 was shown to be the key recruiting protein for CLCR and associated with both CLCR and Ago1, thereby mediating the association between CLCR and RITS, which is critical for the formation of heterochromatin (56) . However, although the main components of TGS in yeast are known, the same mechanism cannot be directly applied to siRNA-mediated TGS in human cells, because several of the essential yeast RDRC components have no homologous human proteins. miRNAs have also been reported to induce TGS in yeast and plants, resulting in repressive chromatin structures from both DNA methylation and histone modification (57) . Whether there are commonalities in the siRNA and miRNA pathways inducing these changes require further investigation.
There is growing evidence about the mechanism of TGS in human cells (58, 59 ). Weinberg and colleagues first demonstrated that the antisense strand alone of the siRNA duplex can direct sequence specific TGS in human cells using an siRNA which targeted elongation factor 1 a promoter (EF1a) (50) . Han and colleagues demonstrated that the antisense strand of an siRNA, directed against EIFa, bound to the RNA Pol II expressed mRNA containing an extended 59UTR that overlapped the EIFa gene promoter (52) . The coupling between mRNA and siRNA functions as a recognition motif to direct further epigenetic changes to the promoter region.
There also appears to be a role for Ago2 when duplex RNAs are targeted directly at RNA Pol II binding sites (45, 60) . Previously published research has shown a role for both Ago1 and Ago2 in siRNAs targeting genomic sequences. Chromatin immunoprecipitation (ChIP) assays with human cells treated with promoter targeted siRNAs (or a mismatch RNA duplex) demonstrated that both Ago1 and Ago2 associate with the promoter region and this did not occur with the mismatch RNA duplex. Looking at an alternate promoter (the GADPH promoter) showed no enrichment for Ago1 or Ago2, suggesting that these proteins are not normally associated with promoter elements in the absence of promoter specific siRNAs (45) . A recent study has highlighted the importance of Ago2, in particular, in promoter targeted siRNA induced transcriptional silencing using an siRNA targeting the c-myc gene (60) .
The question of whether DNA or RNA is the preferred target of siRNAs targeting promoters in the nucleus has been investigated by several groups. Gonzalez et al. demonstrated that chromatin remodelling required overlapping transcription and that siRNA targets the transcribed strand but not the template strand, which favoured siRNA interacting with the nascent RNA transcript. In addition, they showed that miRNAs might also be able to induce heterochromatin changes where there is sequence complementarity to the miRNA seed region with that of the targeted promoter region (61).
Suppression of human immunodeficiency virus type 1 (HIV-1) infection
We have also previously demonstrated that RNA duplexes targeting the promoter region of integrated HIV-1 can induce TGS, resulting in sustained suppression of viral replication (48, 62, 63) . The RNA duplex targeted to the tandem repeat of NF-kB (nuclear factor kappa beta) motif within the U3 promoter of HIV-1 59 long tandem repeat (59LTR), designated kB-siRNA, had the most profound effect on virus inhibition. Indeed, when we measured the reverse transcriptase levels of culture supernatants to assess new HIV-1 virions being released from infected cells, the reduction was over 1000-fold in HIV-1 infected cultures treated with kB-siRNA, compared to mock transfected cultures and the suppression lasted for over 30 days after a single siRNA transfection. More recently, we have also shown a T cell line stably expressing a short hairpin RNA (shRNA) targeted to the same NF-kB motif can also suppress HIV-1 gene expression for prolonged periods of greater than a year (63) . We have also reported both siRNA and shRNA targeting the NF-kB region suppressed viral mRNA expression and de novo virion formation in culture supernatants, whereas proviral HIV-1 DNA was detected at all time points, indicating that virus suppression occurs at the post-integration stage. Nuclear run-on assays, capable of distinguishing transcriptional from posttranscriptional effects, confirmed the suppression of HIV-1 transcription in infected nuclei cultures by both siRNA-and shRNA-mediated TGS (62, 63) , and silencing of a 59LTR HIV-1 driven luciferase reporter construct by the same shRNA was also observed (63) . Our findings are consistent with viral transcriptional regulation via heterochromatin formation as modelled in Figure 3 . Silencing was associated with increased H3K9me2 (dimethylation of lysine 9 of histone 3), H3K27me3 (trimethylation of lysine 27 of histone 3), decreased H3 acetylation and recruitment of histone deacetylase HDAC1 in the promoter region of the virus (47, 48, 62, 63) . Interestingly, these markers of heterochromatin formation are consistent with those reported in in vitro studies of the mechanisms underlying HIV-1 latency (64-70). Two particular single-stranded RNAs, LTR-247 antisense and LTR-362 antisense, targeting approximately 100 bases upstream and 7 bases downstream of our targeted NF-kB region, respectively, have also been reported to mediate TGS of HIV-1. Consistent with our observations, this effect was associated with elevated H3K27me3 levels and recruitment of histone methyltransferase, Enhancer of zeste 2 and the histone deacetylases HDAC1 and HDAC3a in the 59LTR region (50, (71) (72) (73) . In addition, the DNA metyltransferase3a was also shown to co-immunoprecipitate with the small RNAs. This suggests the involvement of de novo CpG methylation in this process in addition to histone modification (74) . A recent study has demonstrated that RNA directed transcriptional silencing of HIV-1 can be delivered by a mobilisation competent vector to cause long-term (1 month) suppression of virus without the emergence of resistance mutations (73) .
Suppression of SIV infection
Our group has also observed siRNA-induced TGS in simian immunodeficiency virus (SIV) infection. Using a human lymphoid cell line, CEMx174, we targeted a specific promoter sequence approximately 200 base pairs upstream of the transcription start site in the 59LTR of SIVmac251. We reported a strong TGS-mediated effect with greater than 1000-fold reduction in virus replication at day 12 post-transfection (47). Our heterochromatin analyses using ChIP also revealed enrichment of the methylation markers H3K9me2 and H3K27me3 in the SIV LTR of silenced cultures. Furthermore, the HDAC inhibitor, Trichostatin-A, partially blocks heterochromatin enrichment in SIV-infected cultures, which further supports the role of epigenetic changes in RNA-mediated TGS. Our reports of RNA-mediated TGS in SIV infection reiterate our findings in HIV-1 and suggest that in vivo testing of this approach to retroviral gene silencing is warranted.
Small RNA-induced gene activation
Although the main focus of research efforts have highlighted the role of non-coding RNAs in translational repression, there is some evidence to suggest that they can have the opposite effect and activate transcription via targeting of the gene transcription start site (75) (76) (77) (78) (79) . One such example is induced E-cadherin expression via siRNA targeting the promoter region. The resulting prolonged transcriptional activation appears to be related to the induction of histone modifications, such as decreased H3K9me2 and H3K9me3 levels (76) . However, the regulation of this process is complex and our understanding of the underlying biology is far from complete, as illustrated by studies involving siRNA effects on the regulation of the progesterone receptor (PR). In this study, small RNAs targeted to the transcription start site of the PR inhibited transcription in T47D breast cancer cells, which constitutively highly express PR (45) . However, the same siRNAs activated PR transcription in MCF7 breast cancer cells, which constitutively express low PR levels (75) . Interestingly, the same RNA duplex was shown to activate PR expression in T47D cells under modified growth conditions leading to low PR expression, while repressing PR expression in T47D cells expressing high levels of PR (78) . These changes were associated with histone modifications in the promoter of the PR. Thus, in this system the basal PR expression levels are important in determining PR specific gene regulation. The antisense RNA strand was later shown to have a central role in PR promoter recognition and suggested initial regulation via basal PR expression levels (78), although it remains unclear how siRNA regulate PR based on endogenous antisense transcript levels.
Mechanistic insight into the role of gene activation by siRNAs has recently emerged. An endogenous gene regulatory mechanism exists which benefits from bidirectional transcription (80) . The antisense transcript in the bidirectionally transcribed gene was demonstrated to function in directing silent state epigenetic marks to the sense gene promoter. siRNAs can act by targeting the long non-coding antisense transcript, thus leading to suppression of the noncoding antisense transcript resulting in gene activation (81) .
This phenomenon of small RNA-mediated gene activation has also been reported for miRNAs. AU-rich elements (AREs), present at the 39UTR, are important post-transcriptional regulatory signals, especially in cytokines, and this has been demonstrated for TNF-a (82). Two micro-RNP proteins, fragile-X-retardation relation protein 1 (FXR1) and Ago2, associate with the ARE during translational activation. The endogenous miRNA, miR-369-3 directs the association of FXR1 and Ago2 with the ARE, leading to translational activation (83) . Other miRNAs that have also demonstrated translational activation include the let-7 family of miRNAs. These studies demonstrate that the fundamental transcriptional regulation of small RNAs is not restricted or limited to inhibitory effects, but clearly shows the potential for a complex system of both inhibitory and activatory regulatory effects at the levels of transcription and translation.
Small RNA-directed off-target effects
The potential for off-target effects when employing small RNAs, both siRNA and miRNA, to regulate transcription has been highlighted (51, 79, 84) with the result being a call for more comprehensive controls and target validation. Both transcriptional regulation pathways, PTGS and TGS, have the potential for off-target effects, including RNA-induced interferon responses, unintended gene targeting, spread of epigenetic modifications to adjacent promoters and miRNA pathway saturation. These off-target effects can be the result of siRNAs acting like miRNAs, in the sense that although siRNAs are completely complementary to the target promoter DNA or mRNA sequence, the eight nucleotide 'seed' region has the potential to bind to complementary mRNAs and yield unintended gene silencing effects. The comprehensive controls required to confirm transcriptional regulation include: (a) multiple siRNAs targeting different regions of the same gene and showing the same effect; (b) mutant and scrambled siRNAs showing the effect is diminished or abrogated, respectively; (c) determining the small RNA minimum working concentration to eliminate side effects for high doses; and finally (d) mutating the target region to verify specific-sequence binding. Target validation can be performed using other assays, such as reporter plasmid assays, microarray and other global or extensive target gene assays. More reports of off-target effects emphasise the necessity for careful experimental controls when confirming the specificity of small RNA transcriptional gene regulation.
Delivery of RNA duplexes to target tissues
The process of RNAi delivery has recently been considered, with multiple forays into developing this approach for viable human therapeutics (85) . There are, however, several key issues which require attention when applying RNAi to human disease treatment. Chief amongst these is finding appropriate RNAi delivery methods to specifically target the cells of interest. The other main concern with this approach is to limit off-target effects, which have the potential to derail the benefits of target gene regulation.
With regard to delivery, these can be divided into nonselective and specific delivery methods. Some of these delivery methods can overlap depending on modifications, such as coating nanoparticles with monoclonal antibodies. One option is direct delivery of 'naked' siRNAs either into the blood or by direct injection into target organs. In this case, the modification of nucleotides at 29 position of the ribose with 29-O-methylpurines and 29-fluoropyrimidines (86) leads to an increase in siRNA stability by making the constructs relatively resistant to RNase activity in the serum or extracellular milieu. The other advantage of adding 29-O-methylpurines to the siRNA of interest is that this appears to avoid induction of interferon responses. Other non-selective delivery methods include conjugation of siRNAs to a cholesterol group (87) or packaging siRNAs into a liposomal particle to improve cellular uptake (88) . Polymers have also been successfully used to deliver siRNAs to target tissues (89) . A recent advance for delivery is through the use of stable nucleic acid lipid particles (or SNALPs), which are coated with polyethylene glycol polymers. SNALPs have been used to deliver siRNAs directed against apolipoprotein B and peroxisome proliferator-activated receptor a (90). These non-selective methods are often suitable where there is direct injection into the target tissue. Viruses, particularly lentiviral vectors, can also be used to incorporate shRNA transgenes into cells of interest. There appears to be several advantages of using shRNA over siRNA to knockdown gene expression. Around 99% of siRNAs are degraded after being introduced into cells by 48 h, whereas only a small number of integrated shRNAs are required for continuous gene knockdown. Also, shRNA appears to be more efficiently loaded onto RISC compared to siRNA. Slightly longer nucleotide sequences (29-30 nucleotides) in siRNA/shRNA also appear to improve processing by Dicer/TRBP/PACT and subsequent loading onto RISC. Lentiviral vectors have been used in general gene therapy approaches over the past two decades with some safety issues noted particularly with regard to insertional mutagenesis leading to malignancy in patients treated with gene therapy for X-linked severe combined immunodeficiency (91) . There are also concerns using other viral vectors, such as adenovirus, which can lead to strong immune responses, thereby reducing their effectiveness in the clinical setting. An example of issues linked to the adenoviral delivery platform is the failed STEP trial, which aimed to deliver HIV-1 antigens to HIV-1 negative hosts in the hope of developing an effective immune response against HIV-1. Analyses showed that those patients with high pre-existing adenoviral antibody titres had a higher rate of HIV-1 acquisition compared to patients with low titres -a finding which is currently being heavily investigated (92) (93) (94) .
Selective delivery methods that have been utilised include aptamers, antibody fragments and nanoparticles. Aptamers are structured RNA ligands, which can bind to specific cell surface receptors and can be covalently linked to siRNAs (95) . Binding to these surface receptors via the aptamer leads to release of the siRNA once the aptamer is internalised into the cell. Another specific delivery method utilises the unique specificity of antibody fragments. The fragment antigen binding (Fab) portion of an antibody contains the unique antigen binding site and this Fab fragment has been conjugated to positively charged protamines which, in turn, link to the negatively charged siRNA molecules (96) . Nanoparticles have also been used with success to deliver siRNAs in vivo (97) and can be coupled with cell-type specific ligands, such as antibodies, and carry siRNAs to the tissue of interest (98) . Pseudotyping of lentiviruses to contain proteins that target molecules has the potential to target specific tissues with an shRNA of interest (99) .
Potential side effects of RNAi as a therapeutic
The next issue needing careful consideration is the potential for off-target effects of RNAi. As addressed above, although siRNAs are designed to have complete sequence homology with the target mRNA, the eight nucleotide 'seed' region (in particular nucleotides 2-7 from the 59 end of the siRNA) can act similarly to endogenous miRNAs. The seed region can therefore bind to complementary mRNAs and lead to translational repression and unintended gene silencing effects. It would seem that careful consideration to sequence homology is essential, especially in this region when designing putative siRNA molecules. The other issue arising from RNAi therapeutics is induction of interferon responses. It has been long recognised that the introduction of exogenous single-stranded or double-stranded RNA can lead to the upregulation of type I interferons, which in general terms lead to an anti-viral phenotype. These innate sensing receptors include RIG-I, activation of the dsRNA protein kinase pathway and Toll-like receptors. Chemical modifications to siRNAs, mentioned above, and also the use of retroviral vectors to deliver shRNAs, appear to avoid interferon inducible gene expression in targeted cells.
As discussed above, siRNAs acting via the TGS pathway are capable of inducing heterochromatin changes. These heterochromatin changes can spread distally (in the direction of 59 to the 39 end) beyond the target sequence to be silenced (44) . The possibility of epigenetic off-target effects from spreading heterochromatin should be considered when designing therapeutic siRNAs.
Despite the incredible specificity of gene knockdown guaranteed by RNAi therapeutics, adverse events have been noted in animal studies. One murine study showed that of 49 adeno-associated virus shRNAs (directed to six targets within the liver), 36 were associated with an adverse event due to the shRNA itself, including 23 shRNAs which eventually led to death mostly due to acute liver failure (100). The authors suggested there could have been oversaturation of endogenous small RNA pathways and that this can be reduced by keeping the shRNA dose to a minimum. The short duration of action of siRNA versus the longer acting shRNA offers some protection against prolonged triggering of small RNA pathways. This can be both advantageous in terms of reduced toxicity but might also have reduced efficacy against longer acting shRNAs.
Clinical applications of RNA duplexes
The first animal model testing the efficacy of siRNAs targeted to Fas was in a murine model of autoimmune hepatitis, where mice receiving siRNA treatment were protected against liver fibrosis. The first human trials began in 2004 with the phase I trial of an siRNA used to treat wet agerelated macular degeneration. Today, the areas where RNAi duplexes have been deployed as therapy include cancer, pathogenic viruses, ocular disorders (such as macular degeneration) and several inflammatory conditions (Table 1 lists current RNAi clinical trials).
Despite several trials taking place that employ siRNAs to target pathogenic molecules, to date there is scant information regarding their efficacy in human trials. An early study demonstrated that siRNAs (targeting respiratory syncytial virus) delivered intranasally to humans was associated with limited adverse effects with minimal systemic bioavailability (101) . One recently published trial demonstrated targeted knockdown of ribonucleotide reductase (RRM2) in tumour cells by a systemically delivered siRNA, which used a nanoparticle delivery method. The nanoparticles targeted tumour cells by a using a transferrin protein targeting ligand (on the surface of nanoparticles), which bound to transferrin receptors overexpressed in tumours. This group demonstrated dose-dependent accumulation of systemically delivered si-RNA nanoparticles in the solid tumours targeted (102) . A recent study highlighted the use of the first siRNA used to treat a skin disorder, pachyonychia congenita. The siRNA was injected directly into the skin lesion and efficacy was noted in the siRNA treated arm of the study as opposed to the vehicle-treated arm (103) .
Future outlook
The past decade has underlined the importance of small RNAs as master regulators of the transcriptome. Our group and others have provided evidence to suggest that RNA duplexes can target pathogenic processes in human cells. Minimisation of unintended off-target effects and greater precision in delivering these target specific molecules to tissues provide very powerful laboratory tools for gene manipulation, which can herald a new age of disease-specific therapy. Although our understanding of these processes is as yet incomplete, recent advances indicate that small RNA molecules will play an important role in deciphering disease processes, as well as providing exciting new therapeutics. With several phase II trials and one phase III trial currently taking place, we predict RNAi therapeutics have a promising future.
Highlights
• Small RNAs have been shown to mediate both PTGS and TGS regulation pathways in human cells.
• Components of the RISC machinery and mechanisms involved in small RNA-mediated PTGS are well defined in human cells.
• Current fission yeast models of TGS define the main components of the RITS complex, although homologous proteins are not present in human cells.
• Typical TGS-induced epigenetic modifications include elevated H3K9me2 and H3K27me3 methylation, reduced H3 acetylation and recruitment of HDAC.
• We and others have shown RNA duplexes targeted to the NF-kB motif within the U3 promoter of HIV-1 59LTR can profoundly suppress HIV-1 replication. • Reports of small RNA-mediated gene activation demonstrate both inhibitory and activated transcription regulatory effects.
• Small RNA-mediated off-target effects have been reported for PTGS and TGS, emphasising the necessity for comprehensive controls and specific target validation.
• RNAi delivery has developed selective approaches targeting specific cells/tissues with aptamers, antibody fragments and nanoparticles, as well as non-selective approaches employing viral vectors.
• Current phase II and phase III trials indicate that the first licensed RNAi therapeutics is imminent.
Expert opinion
RNA duplexes have revolutionised the field of gene regulation and opened up a new therapeutic era of gene-specific silencing targeting pathogenic proteins. Small RNA duplexes, such as siRNA, can be used to target mRNA precisely but parallel research into the mechanism of action of endogenous miRNAs has allowed us to predict important off-target effects. Predicting off-target effects will be an important component when designing therapeutic siRNAs for the future. Silencing can occur via two main pathways: post-transcriptional gene silencing (PTGS) and transcriptional gene silencing (TGS). TGS offers longer lasting silencing effects compared to PTGS, as epigenetic phenomena are responsible for causing a silent chromatin state. However, it might not be applicable to all genes. The PTGS approach also allows for gene-specific silencing, but its mechanism of action is shorter in duration which could be beneficial in reducing cell toxicity. Therapeutics with these small RNA duplexes can be delivered via selective or non-selective means. Ultimately, delivery methods are needed which are able to target diseased tissues precisely. This will aid in maximising efficacy and reducing toxicity from these small RNA molecules. Current trials with siRNAs are utilising several delivery methods. Ideally, RNAi will be directed to the tissue of interest and knockdown specific gene targets with minimal off-target side effects. Currently, we are a long way from this ideal scenario. However, there are several trials taking place and we are starting to see results from these initial human trials. If issues regarding delivery and off-target effects can be countered, RNAi therapeutics has a very promising future. 
